Fluorescence loss in photobleaching experiments and analysis of mitochondrial function using superoxide and redox potential biosensors revealed that mitochondria within individual yeast cells are physically and functionally distinct. Mitochondria that are retained in mother cells during yeast cell division have a significantly more oxidizing redox potential and higher superoxide levels compared to mitochondria in buds. Retention of mitochondria with more oxidizing redox potential in mother cells occurs to the same extent in young and older cells and can account for the age-associated decline in total cellular mitochondrial redox potential in yeast as they age from 0 to 5 generations. Deletion of Mmr1p, a member of the DSL1 family of tethering proteins that localizes to mitochondria at the bud tip and is required for normal mitochondrial inheritance, produces defects in mitochondrial quality control and heterogeneity in replicative lifespan (RLS). Long-lived mmr1D cells exhibit prolonged RLS, reduced mean generation times, more reducing mitochondrial redox potential and lower mitochondrial superoxide levels compared to wild-type cells. Short-lived mmr1D cells exhibit the opposite phenotypes. Moreover, short-lived cells give rise exclusively to short-lived cells, while the majority of daughters of long-lived cells are long lived. These findings support the model that the mitochondrial inheritance machinery promotes retention of lower-functioning mitochondria in mother cells and that this process contributes to both mother-daughter age asymmetry and age-associated declines in cellular fitness.
Introduction
An intuitive concept in human experience is that babies are born young, largely independent of the age of their parents. The finding that a similar mother-daughter age asymmetry also occurs in the budding yeast Saccharomyces cerevisiae gave rise to the model that age deter-minants are asymmetrically distributed during yeast cell division, which allows for continued aging of mother cells and rejuvenation of daughter cells (Mortimer & Johnston, 1959; Egilmez & Jazwinski, 1989; Kennedy et al., 1994; Sinclair & Guarente, 1997) . In support of this, oxidatively damaged proteins, mitochondria with low membrane potential (Dw) and extrachromosomal rDNA circles were identified as senescence factors that are retained in mother cells (Sinclair & Guarente, 1997; Lai et al., 2002; Aguilaniu et al., 2003) . Conversely, ROS has been linked to mother-daughter age asymmetry, and the activity of cytosolic catalase, an antioxidant, is increased in daughter cells after cytokinesis and separation from their mother cells (Nestelbacher et al., 2000; Aguilaniu et al., 2003; Heeren et al., 2004; Erjavec et al., 2008; Eisenberg et al., 2009) . Sir2p, the founding member of the Sirtuin family of age-regulating proteins, is required for asymmetric distribution of aging determinants and mother-daughter age asymmetry (Kaeberlein et al., 1999; Aguilaniu et al., 2003; .
Segregation of mitochondria on the basis of Dw and of an oxidatively damaged mitochondrial protein has been linked to mother-daughter age asymmetry (Lai et al., 2002; Klinger et al., 2010) . Moreover, there are links between mitochondrial ROS and aging in yeast and other cell types (Miquel & Economos, 1979; Sun & Tower, 1999; Schriner et al., 2005; Klinger et al., 2010; Lam et al., 2011) . Deletion of the mitochondrial MnSOD SOD2 or CCCP treatment increases ROS and decreases yeast chronological lifespan (Longo et al., 1996; Stö ckl et al., 2007) , while reduction in mitochondrial ROS production by overexpression of SOD2, deletion of the nuclear protein MRG19p or manipulations that increase respiration result in increased chronological lifespan, replicative lifespan (RLS) or both (Jiang et al., 2000; Fabrizio et al., 2003; Harris et al., 2003; Barros et al., 2004; Bonawitz et al., 2007; Lavoie & Whiteway, 2008; Mittal et al., 2009) . While chronological lifespan extension by increased respiration is well documented, analysis of the role of respiration for RLS extension by calorie restriction yielded conflicting results (Lin et al., 2002 (Lin et al., , 2004 Kaeberlein et al., 2005; Lavoie & Whiteway, 2008) . The role of mitochondrial metabolic activity in RLS in yeast is also a matter of debate. Indeed, deletion of mitochondrial DNA, which encodes respiratory chain components, has variable effects on lifespan in different yeast strains (Kirchman et al., 1999; Heeren et al., 2004; Kaeberlein et al., 2005) . Similarly, deletion of mitochondrial metabolic genes that have been implicated in lifespan control in Caenorhabditis elegans has no effect on aging in yeast (Smith et al., 2008) .
Here, we studied the role of mitochondrial inheritance in lifespan control and mother-daughter age asymmetry in budding yeast. We find that mitochondria within individual yeast cells are variable in superoxide levels and redox potential. In addition, we obtained evidence that mitochondria with higher superoxide levels and more oxidizing redox potential are preferentially retained in mother cells and that this process may contribute to the age-associated decline in mother cell fitness. Finally, we find that a mutation that affects mitochondrial quality control during inheritance compromises lifespan control and mother-daughter age asymmetry.
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Results

Mitochondria in individual yeast cells are physically and functionally distinct
To determine whether mitochondria in budding yeast are heterogeneous in function, we assessed mitochondrial redox potential using a redox-sensing GFP variant (roGFP1) and mitochondrial superoxide using dihydroethidium (DHE) (e.g., Lam et al., 2011) . In roGFP1, a native cysteine is mutated, and novel cysteines are introduced near the chromophore (C48S, S147C, and Q204C). Disulfide formation between these cysteines in oxidizing environments promotes protonation of the GFP chromophore, which increases excitation at 400 nm and decreases excitation at 490 nm. The ratio of fluorescence upon excitation at 400 and 490 nm indicates the extent of roGFP1 oxidation and is independent of roGFP1 protein levels. Targeting of roGFP1 to mitochondria in HeLa cells revealed that the mitochondrial matrix in these cells is highly reducing, with a midpoint potential of )360 mV (Dooley et al., 2004) .
We generated a plasmid-borne fusion protein, mito-roGFP1, that consists of roGFP1 fused to the signal sequence of a mitochondrial matrix protein (ATP9) and is expressed under control of a strong constitutive promoter. Mito-roGFP1 is targeted quantitatively to mitochondria and has no obvious effect on mitochondrial morphology or distribution ( Fig. 1A) . Equally important, mito-roGFP1 undergoes rapid, reversible ratiometric changes in fluorescence in response to oxidizing and reducing agents ( Fig. S1 ).
To visualize mitochondrial ROS in living cells, wild-type yeast cells that express mitochondria-targeted GFP (mito-GFP) were stained with DHE. Mitochondrial superoxide as a function of mitochondrial mass was determined by comparing the fluorescent signal from DHE to that of mito-GFP. In wild-type yeast, DHE localizes to structures labeled with mito-GFP ( Fig. 1B) and undergoes changes in fluorescence in response to treatment with oxidizing agents and ROS scavengers ( Fig. S1 ).
Both biosensors reveal variability in mitochondrial function within individual yeast cells. Using mito-roGFP1, we detect some mitochondria that are highly reduced and other mitochondria that are more oxidized (Fig. 1A,C) . Similarly, mitochondria within the same cell exhibit strong or Fig. 1B,D) and therefore have high and low superoxide levels, respectively. We observed a good fit with a Gaussian distribution of mitochondrial redox potential (Anderson-Darling goodness-of-fit statistic for a normal distribution fit: 0.959, P value = 0.015). In contrast, analysis of the ratio of DHE to mito-GFP revealed an apparent bimodal distribution of mitochondrial superoxide levels: mitochondria with higher superoxide levels (DHE ⁄ mito-GFP ratio around 1.1) and mitochondria with lower superoxide levels (DHE ⁄ mito-GFP ratio around 0.7) (Fig. 1C,D) .
If mitochondria within individual cells are functionally distinct, they are expected to be physically distinct. We tested this using fluorescence loss in photobleaching (FLIP) experiments on yeast in which GFP is targeted to the mitochondrial matrix. In FLIP, a small area is photobleached repeatedly. As diffusion brings fresh fluorophores into the targeted area and photobleached fluorophores out of the targeted area, fluorescence is lost from all fluorophores that localize to the same membrane-bound compartment.
We repeatedly photobleached a 0.5 lm 2 spot on mitochondria in the mother cell and visualized GFP-labeled mitochondria by laser scanning confocal microscopy (Fig. 2) . The fluorescence of mito-GFP in the targeted area was lost within < 2 s. Subsequently, fluorescence was also lost from some mitochondria in the mother cell. However, fluorescence persisted in other mitochondria in the mother cell and in all of the mitochondria within the bud. These findings indicate that mitochondria in the mother cell can be discrete, physically distinct entities. They also show that mitochondria in the bud are physically distinct from mitochondria in the mother cell. Thus, mitochondria within individual yeast cells can be physically and functionally distinct.
Mitochondria with lower redox potential are preferentially retained by mother cells If mitochondria are a mother-daughter age asymmetry determinant, then mitochondria that are functionally distinct should be asymmetrically distributed during yeast cell division. Analysis of DHE ⁄ mito-GFP ratios shows a small but statistically significant increase in the level of mitochondrial ROS in mother cells compared to buds (Fig. 3A) . Thus, mitochondria with lower ROS are preferentially inherited by daughter cells, and mitochondria with higher ROS are retained in mother cells.
To determine whether mitochondria are also segregated on the basis of their redox potential, we measured R ⁄ O mito-roGFP1 as a function of replicative age. Replicative lifespan is the cumulative number of mitotic divisions that a cell can undergo and is used as a model for aging in cell division-competent cells that undergo reproductive senescence. We developed a method to detect old cells in mid-log phase cultures by fluorescence microscopy, based on a widely used biotinylation method (e.g., Lam et al., 2011) . Mid-log phase cultures were pulse-labeled with Alexa 594-Concanavalin A (ConA-594), which stains the cell wall, and propagated in media without ConA-594. As a result, daughter cells produced after the ConA-594 pulse are unstained, and older, ConA-594-stained cells are readily distinguished from young cells. Finally, to determine the age of ConA-594-labeled cells as a function of time of growth, we used calcofluor white to visualize bud scars ( Fig. 3B ; Fig. S6 ).
We do not detect import of mito-roGFP into cells > 5 generations, presumably because the mito-roGFP has high turnover rates in mitochondria and mitochondrial protein import declines with age. Therefore, we measured mitochondrial redox potential in cells as they age from 0 to 5 generations, about 23% of the mean RLS for our wild-type yeast cells. We find that mitochondrial redox potential declines with age ( Fig = 73). This finding is consistent with a recent report that age-associated increases in ROS levels are also detectable in young yeast cells that are 5-7 generations in replicative age (Lam et al., 2011) .
We also detect a subtle but statistically significant decline in the redox potential of mitochondria in mother cells compared to buds as cells age from 0 to 5 generations of replicative age. Although the difference in mitochondrial redox potential in mother cells and buds is small, we obtained evidence that retention of mitochondria with more oxidizing redox potential in mother cells can contribute to motherdaughter age asymmetry ( Fig. 3D ). We developed a mathematical model for age-associated declines in mitochondrial redox potential based exclusively on the retention of less fit mitochondria in mother cells as they age from 0 to 5 generations:
and n is the number of cell divisions a cell has undergone (Fig. 3D ). The age-associated decline in total cellular mitochondrial redox potential predicted by this model fits well with the observed decline in mitochondrial redox potential in mother cells from 0 to 5 generations of replicative age. Moreover, extrapolation of the model from young to old cells predicts a decline in mitochondrial redox potential that is compatible with the RLS of the yeast strain used for these studies: the redox potential of wild-type cells at mean (22 generations) and maximum (48 generations) RLS is 27.3% and 5.5% of that observed in newborn cells, respectively ( Fig. 3D, inset) .
Together, our findings indicate that the machinery for mitochondrial inheritance has the capacity to retain mitochondria with more oxidizing redox potential in mother cells. They also indicate that retention of these lower-functioning mitochondria in mother cells can be responsible for the decline in mitochondrial redox potential that occurs as yeast cells age.
Deletion of MMR1 alters replicative lifespan and mother-daughter age asymmetry
If mitochondrial quality control during inheritance affects cell fitness, then mutations that compromise mitochondrial inheritance should affect lifespan. Many proteins are required for normal mitochondrial inheritance in yeast. However, the vast majority of these proteins have been implicated in other processes, including actin dynamics and function, endocytosis, as well as mitochondrial morphology, DNA maintenance, mRNA trafficking, or protein assembly (Peraza-Reyes et al., 2010). One exception is Mmr1p. Mmr1p is a member of the conserved family of DSL1 tethering proteins. It localizes to mitochondria in the bud tip and is required for mitochondrial inheritance to buds (Itoh et al., 2004) . Indeed, mutation of Mmr1p together with Gem1p, a miro-like protein, results in severe defects in mitochondrial inheritance and triggers a checkpoint that blocks cytokinesis (Garcia-Rodriguez et al., 2009) .
Deletion of SIR2 results in a decrease in mean RLS from 22 to 14 generations and maximum RLS from 48 to 30 generations (n = 76; P = 8.7 · 10 )9 for mean RLS). Deletion of MMR1 has a profound effect on RLS ( Fig. 4A ). mmr1D mutant clones give rise to two subpopulations of cells ( Fig. 4B ); separating the subpopulations into two data sets suggests that they are statistically different (P = 2.1 · 10 )13 ). One subpopulation exhibits premature loss of replicative capacity compared to wild-type cells (P = 1.0 · 10 )31 for mean RLS). The majority of these cells fail to produce offspring, and the few that do are replication competent for a maximum of five rounds of cell division (n = 51). The other subpopulation exhibits a RLS that is 36% greater than that observed in wild-type cells (P = 0.004 for mean RLS), with a mean and maximum RLS of 30 and 52 generations, respectively (n = 51) ( Fig. 4A ). The observed alteration in RLS in mmr1D mutants is not a consequence of genetic background, the method used for generating synchronized cells before RLS measurement or loss of metabolic activity ( Fig. S2 , Table S1 , Fig. S5 ). Thus, a mutation in MMR1 that inhibits accumulation of mitochondria in the bud results in defects in lifespan determination and the production of cells with either shortened or prolonged RLS.
Long-and short-lived mmr1D mutants also exhibit a phenotype associated with aging: altered generation time. Early studies revealed that aging mother cells take increasingly longer times to progress through the cell cycle compared to young cells (Mortimer & Johnston, 1959; Egilmez & Jazwinski, 1989) . Under our growth conditions, the mean generation time of wild-type cells is 90-110 min during genera- Fig. 4C ). sir2D cells also exhibit an age-associated increase in generation time. In contrast, the generation time of long-lived mmr1D cells is less than that of young wild-type cells. Moreover, it does not increase from generations 1-40 and exhibits a modest increase to 110 min only after 41-50 replications. This phenotype is also not a consequence of genetic background or synchronization method ( Fig. S2 ). Finally, shortlived mmr1D cells exhibit a mean generation time that is 10-fold greater than that of wild-type cells during the first 1-10 generations (Fig. S4 ). Thus, long-lived mmr1D cells exhibit a delay in the increase in mean generation time as a function of age, a phenotype associated with young cells, and short-lived mmr1D cells exhibit an increased mean generation time, a phenotype associated with old cells.
Next, we studied the effect of deletion of MMR1 on mother-daughter age asymmetry. A widely used method to assess this process is to compare the mean RLS of daughter cells and their mother cells (Lai et al., 2002; Shcheprova et al., 2008) . However, because mmr1D daughter cells have either long or short RLS, the mean RLS does not provide information regarding short-or long-lived mmr1D cells. Therefore, we assessed mother-daughter age asymmetry in mmr1D cells as the frequency of producing short-lived daughter cells from the first (D1) and eighth (D8) daughter cells from virgin mother cells (M) (Fig. 4D ). Only 2-11% of wild-type D1 and D8 cells have RLS < 5 generations (n = 75, 71, and 60, respectively). In contrast, there are significantly more short-lived cells in mmr1D mother cells (24%, n = 77) and their D1 (50%, n = 66) and D8 (22%, n = 58) daughters compared to wild-type cells. Moreover, the incidence of short-lived cells is higher in D1 daughters compared to their mothers and D8 daughters. This difference likely reflects the fact that short-lived mmr1D cells do not produce D8 daughters and only produce short-lived daughters.
Thus, deletion of MMR1 results in defects in mother-daughter age asymmetry. In contrast to wild-type daughter cells, which are born with their full replicative potential, the replicative potential of D1 daughter mmr1D cells is lower than that of their mothers.
mmr1D cells exhibit changes in mitochondrial quality control
To determine whether the changes in lifespan and mother-daughter age asymmetry in mmr1D cells are linked to defects in mitochondrial quality control during inheritance, we studied mitochondrial redox potential and ROS in short-and long-lived mmr1D cells. As a first step, we found that unbudded cells in mmr1D mid-log phase cultures exhibit characteristics of short-lived mmr1D cells (reproductive incompetence and increased mean generation times) and budded mmr1D cells have mean generation times consistent with long-lived mmr1D cells (Fig. 5A ). Consistent with this, mmr1D cell cultures exhibit higher levels of unbudded cells (36%) compared to wild-type cell cultures (18%) ( Table S1 ). Cellular metabolic activity, as assessed using FUN-1, is similar in unbudded and budded mmr1D and wild-type cells (Table S1 ). Thus, we identified methods to identify cell fractions that are enriched in short-and long-lived mmr1D cells in mid-log phase yeast cultures.
The total cellular mitochondrial redox potential of unbudded and budded wild-type cells is similar (Fig. 5B,C) . In contrast, the mitochondrial redox potential of budded, largely long-lived mmr1D cells is more reducing than that of unbudded, largely short-lived mmr1D cells. Moreover, the mitochondrial redox potential of wild-type cells is more reducing than that of unbudded, largely short-lived mid-log phase mmr1D cells. We obtained similar results upon analysis of mitochondrial superoxide levels in WT and mmr1D cells (Fig. 5D,E) . Superoxide levels of budded, largely long-lived mmr1D cells are lower than those of wild-type cells and of unbudded, largely short-lived mmr1D cells. Thus, mitochondrial fitness in mmr1D cells, as assessed by redox potential and superoxide levels, correlates with cellular fitness and lifespan. Further characterization of mmr1D cells revealed a correlation between mitochondrial superoxide levels and cell fitness in buds of long-lived mmr1D cells. First, we found that short-lived mmr1D cells always give rise to short-lived cells (Fig. 6A) . Conversely, although long-lived mmr1D cells can give rise to short-and long-lived daughter cells, the majority of the daughter cells produced from long-lived mmr1D cells are long lived (Fig. 6A ). These findings are consistent with a nongenomic heritable cellular constituent(s) within mmr1D cells that affect the RLS of their daughter cells.
In addition, we find that deletion of MMR1 results in defects in both the quantity and quality control of mitochondrial inheritance. In contrast to wild-type cells, where daughter cells inherit 40% of the total cellular mitochondria from mothers, daughter cells of largely long-lived mmr1D cells inherit only 18% of the total cellular mitochondria (Fig. 6B ). There is no significant difference in redox potential among mother cells and buds in largely long-lived mmr1D cells (data not shown). However, mitochondria that are inherited by daughters of largely long-lived mmr1D cells have significantly lower superoxide levels compared to their mother cells and compared to both mother cells and bud of wild-type cells (Fig. 6C) .
These findings indicate that one important nongenomic but heritable age determinant in mmr1D cells is mitochondria with low superoxide levels.
Discussion
Preferential retention of mitochondria with higher superoxide levels and more oxidizing redox potential in mother cells as they age Heterogeneity in mitochondrial Dw has been detected in yeast, cultured animal cells, neurons, and pancreatic beta cells (Collins et al., 2002; Lai et al., 2002; Wikstrom et al., 2007) . We obtained the first evidence for heterogeneity in mitochondrial superoxide levels and redox potential within individual yeast cells. Using DHE as a biosensor, we find that some mitochondria within yeast contain low levels of superoxide, while others contain high levels of this ROS. Using mito-roGFP1, we find that the mitochondrial matrix of budding yeast is a reducing environment. Similar results were obtained using mito-roG-FP1 in HeLa cells (Dooley et al., 2004) . In addition, we detect heterogeneity in mitochondrial redox potential within individual cells. Quantitative analysis of DHE-to-mito-GFP ratios suggests that mitochondrial superoxide levels are not normally distributed. Rather, we observed two general classes of mitochondrial superoxide levels.
Fluorescence recovery after photobleaching studies (FRAP) revealed that mitochondria in HeLa cells are discontinuous, allowing them to have distinct functional properties (Collins et al., 2002) . Using FLIP, we detect multiple, physically distinct mitochondria in budding yeast. Our studies also reveal that mitochondria in the bud tip can be physically distinct from ª 2011 The Authors Aging Cell ª 2011 Blackwell Publishing Ltd/Anatomical Society of Great Britain and Ireland mitochondria in the mother cell. These data provide a structural basis for the observed heterogeneity in mitochondrial function. It is also direct evidence that mitochondria in budding yeast are not a continuous reticulum. Recent studies indicate that mitochondria with extremely low Dw exhibit defects in mitochondrial fusion, which would allow this population of low-functioning mitochondria to remain physically distinct from higher-functioning mitochondria (Twig et al., 2008) . In light of the observed heterogeneity in mitochondrial function, it is possible that there are mechanisms to ensure that low-functioning mitochondria are separated from high-functioning mitochondria in yeast.
In addition, we find that mitochondria with more oxidizing redox potential and higher ROS are preferentially retained in mother cells, and mitochondria with more reducing redox potential and lower ROS are preferentially inherited by daughter cells. This segregation of higher-from lower-functioning mitochondria during yeast cell division occurs at a constant rate as cells undergo replicative aging from 0 to 5 generations. These findings are consistent with previous observations that mitochondria with low Dw and oxidatively damaged aconitase are preferentially retained in mother cells (Laun et al., 2001; Lai et al., 2002; Klinger et al., 2010) . Collectively, these data support the model that the machinery for mitochondrial inheritance exercises mitochondrial quality control that results in segregation of higher-from lower-functioning mitochondria among mother and daughter yeast cells.
Equally important, we developed a method to identify cells of known RLS in mid-log phase cultures using fluorescent ConA to label the yeast cell wall and find that mitochondrial redox potential declines with replicative age and that this decline is evident even in young cells from 0 to 5 generations of replicative age. This decline in mitochondrial function in relatively young cells is consistent with the age-dependent increase in superoxide levels in young yeast cells described recently (Lam et al., 2011) . Moreover, we obtained evidence that retention of mitochondria with lower redox potential in mother cells can contribute to age-associated declines in mitochondrial redox potential. Specifically, we developed a mathematical model for age-associated decline in mitochondrial redox potential based on the observed decline in this process from 0 to 5 generations. Extrapolation of the model to old cells revealed a decline in mitochondrial redox potential from maximum to minimum levels during a timeframe that is similar to the mean and maximum RLS of the yeast strain used for these studies. Interestingly, this decline depends on the initial redox state of mitochondria in a virgin mother cell. Together, these results are consistent with a model that retention of lower-functioning mitochondria in the mother cell results in a mother cell-specific decline in mitochondrial function with age.
Although mitochondria that are in buds and therefore destined for inheritance by daughter cells are higher functioning compared to mitochondria in mother cells, mitochondria in buds also exhibit a decline in redox potential with age. This raises an interesting question. How are daughter cells born young if they inherit low-functioning mitochondria from their aging mother cells? Recent studies, which indicate that repair mechanisms are preferentially activated in daughter cells after they separate from mother cells, provide a possible explanation. Cytosolic catalase of yeast, Ctt1p, has been implicated in detoxification of mitochondrial ROS and is required for normal RLS (Nestelbacher et al., 2000; Van Zandycke et al., 2002) . find that the Ctt1p activity increases in daughter cells after they separate from mother cells. The superior ROS management observed in newly formed daughter cells requires Sir2-dependent asymmetric protein segregation during yeast cell division. Thus, mitochondria with high ROS and more oxidizing redox potential that are inherited by daughters from aging mother cells may be repaired and rejuvenated by Ctt1p that is activated after daughter cells separate from their mother cells.
(A) (B) (C) Fig. 6 Daughter cell fitness and mitochondrial inheritance in mmr1D cells. (A) The first and eighth daughter cells produced from the same virgin mother cell were isolated, and the replicative lifespan of these cells and of the daughters produced from these cells was determined as for Fig. 4 . Short-lived cells (SL) were identified as cells with RLSs < 5 generations, while long-lived cells (LL) were identified as cells with RLSs > 5 generations. The graph shows the percent SL or LL daughter cells produced from short-or long-lived D1 or D8 mother cells. Short-lived mmr1D cells give rise to only short-lived daughter cells, while long-lived mmr1D cells give rise to short-or long-lived daughter cells. The data are pooled from two independent experiments, where n = 40 for each cell type studied in each experiment. (B) Mitochondria were visualized using mitochondria-targeted GFP in wild-type cells (BY4741) and mmr1D cells, and the amount of GFP label in mitochondria in mother cells and buds was measured in cells in which the bud is > 60% of the size of the mother cell. The relative mitochondrial volume was determined by calculating integrated voxel intensity in thresholded, deconvolved wide-field z-series of mitochondria-targeted GFP. Deletion of MMR1 results in a decrease in the amount of mitochondria that are inherited by daughter cells (P = 1.3 · 10 )10 ). The data shown are representative data from three experiments (n = 79). (C) Quantitation of DHE ⁄ mito-GFP of mitochondria in the buds (B) and mother cells (M) of wild-type (WT) and long-lived mmr1D cells, measured as described in Fig. 1 . While mitochondrial superoxide levels are lower in bud compared to mother cells in both cell types (*P = 0.02; **P = 4 · 10 )7 ), mitochondrial superoxide levels in the buds of long-lived mmr1D cells are significantly lower than that observed in wild-type cells (***P = 0.001). The data for WT cells is the same as for 3A. DHE, dihydroethidium. Role for the mitochondrial inheritance machinery in mitochondrial quality control and mother-daughter age asymmetry
Previous studies indicate that deletion of prohibitins, mitochondrial inner membrane proteases that play a role in protein processing and mitochondrial quality control, results in a decrease in yeast RLS and agedependent mitochondrial segregation defects (Piper et al., 2002; Kirchman et al., 2003) . To further explore the role of mitochondrial quality control in lifespan, we studied the effect of deletion of MMR1 on RLS and mitochondrial function. Mmr1p localizes to mitochondria in the bud tip and is required for normal mitochondrial inheritance (Itoh et al., 2004) and for anchorage of newly inherited mitochondria in the bud tip (our unpublished observations). We find that deletion of MMR1 affects mitochondrial quality control and daughter cell fitness and mother-daughter age asymmetry. In contrast to wild-type cells, where daughter cells are born young, with their full replicative potential, mmr1D cells are either short lived or long lived. The long-lived mmr1D cells exhibit phenotypes associated with longevity and fitness (delay in the increase in mean generation time with age, reduced mitochondrial superoxide levels and increased mitochondrial redox potential), while short-lived mmr1D cells exhibit the opposite phenotypes. The slow growth of short-lived mmr1D is associated with oxidative damage from elevated superoxide levels and low redox potential, and not likely due to reduced mRNA translation observed in the slowgrowing long-lived cells described by Delaney et al. (2011) . Furthermore, we observe a link between mitochondrial redox potential and superoxide levels and cellular fitness: mmr1D cells with more oxidizing redox potential and high superoxide levels exhibit short RLS, while mmr1D cells with more reducing redox potential and lower superoxide levels exhibit long RLS. Finally, we find that all mmr1D daughter cells are not born young: the replicative potential of a subset of daughter cells that develop from mother cells is lower than that of their mothers.
Quantitative analysis of the heterogeneity of mitochondrial redox potential and superoxide levels within individual yeast cells provides an explanation for the extraordinary fitness and lack thereof of mitochondria in long-and short-lived mmr1D cells. In wild-type cells, where 40-50% of total cellular mitochondria are inherited by daughter cells, daughter cells inherit a combination of fit and less fit mitochondria, which are on average more fit than mitochondria in mother cells. In contrast, mitochondrial inheritance and quality control are compromised in mmr1D cells. Because daughter cells inherit only 18% of total cellular mitochondria, they are more likely to inherit a disproportionate amount of a single functional class of mitochondria (fit or less fit), which in turn affects cellular fitness and lifespan.
In the case of short-lived mmr1D cells, whose mitochondria have higher superoxide levels compared to mitochondria in wild-type cells, all daughter cells inherit less fit mitochondria. As a result, they are less fit and have shortened RLS. In the case of long-lived mmr1D cells, which are endowed with mitochondria with lower superoxide levels compared to those found in wild-type cells, the probability of inheriting fitter mitochondria is greater. As a result, the majority of the daughter cells derived from long-lived mmr1D cells are long lived.
Overall, our studies indicate that the machinery for mitochondrial inheritance exercises mitochondrial quality control and promotes inheritance of fitter mitochondria by daughter cells and retention of less fit mitochondria in mother cells. They support the model that mitochondria are aging determinants and that retention of mitochondria with higher ROS and more oxidizing redox potential in mother cells contributes not just to mother-daughter age asymmetry but also to age-associated declines in mitochondrial redox potential in yeast. Thus, we obtained evidence for a novel mechanism for a decline in mitochondrial function with age. Ongoing studies are designed to determine mechanisms underlying segregation of higher-from lower-functioning mitochondria both within individual yeast cells and during yeast cell division.
Experimental procedures
Yeast strains and growth conditions All S. cerevisiae strains used in this study are derivatives of the wild-type BY4741 strain (MATa his3D1 leu2D0 met15D0 ura3D0) . The mmr1D strain, 4139 (MATa his3D1 leu2D0 met15D0 ura3D0 mmr1D::KANMX6), and the sir2D strain, 3738 (MATa his3D1 leu2D0 met15D0 ura3D0 sir2D::KANMX6), have the MMR1 or SIR2 genes replaced by KANMX6 cassettes, respectively. All three strains are from Open Biosystems (Huntsville, AL, USA). The strain RMY003 (MATa his3D1 leu2D0 met15D0 ura3D0 mmr1D::LEU2) has the MMR1 gene replaced by the LEU2 gene in a BY4741 background. For labeling of mitochondria, BY4741 and 4139 strains were transformed with a centromeric plasmid containing the mitochondrial matrix targeting signal sequence of citrate synthase 1 (CIT1) fused to GFP (Garcia-Rodriguez et al., 2009) . The resulting strains are TSY200: BY4741[pCIT1GFP:URA3] and TSY201: 4139[pCIT1GFP:URA3]. BY4741 cells expressing a Cit1p-GFP fusion protein from its genomic locus, 95700-YNR001C (MATa his3D1 leu2D0 met15D0 ura3D0 his5 + CIT1:GFP), are from the Yeast GFP Clone Collection (Huh et al. 2003; Invitrogen, Eugene OR, USA) . The RMY015 strain (MATa his3D1 leu2D0 met15D0 ura3D0 his5 + CIT1:GFP mmr1D::LEU2) has the MMR1 gene replaced by the LEU2 gene in 95700-YNR001C. Yeast cells were cultivated and manipulated as described previously (Garcia-Rodriguez et al., 2009) .
To create the plasmid pmito-roGFP1, the mitochondrial-targeting signal sequence (MTSS) of ATP9 was obtained by restriction enzyme digestion of plasmid ID# B1063 or pTDT104 GAL1+preATP-9-RFP (Garcia-Rodriguez et al., 2009) with SpeI and XhoI (New England Biolabs, Ipswich, MA, USA). These constructs were gel purified and ligated with T4 ligase (NEB) into the SpeI and XhoI sites in yeast shuttle vectors Plasmid ID# 1177 or p416 GPD (Addgene, Cambridge, MA, USA). The ligation product was used to transform DH5a-competent bacterial cells (Invitrogen, Carlsbad, CA, USA). Plasmid clones were recovered and processed with a MiniPrep kit (Qiagen, Valencia, CA, USA). The roGFP1 insert was amplified using PCR and forward primers 5¢-AGAT-ACGGATCCATGAGTAAAGGAGAAGAACTTTTCACTGGAG-3¢ and reverse primers R 5¢-AGATACCTCGAGCCATGGTACCAGCTGCAGATCTC-3¢ (IDT, Coralville, IA, USA) from pRSETB (Dooley et al., 2004) . The roGFP1 PCR product and the new plasmid, which contained p416 GPD ⁄ ATP9 MTSS, were then digested with restriction enzymes XhoI and BamHI (NEB). These products were gel purified and ligated using T4 ligase and used to transform DH5a-competent bacterial cells. Plasmid clones were recovered and processed with a Mini-Prep kit. To verify proper plasmid construction, the pmito-roGFP1 plasmid was sequence verified with the sequencing primer 5¢-CAGCACGTGTCTTG-TAGTTCCCG-3¢.
Fluorescence microscopy
For visualization of mitochondria, cells were grown to mid-log phase in synthetic complete (SC) medium with or without uracil at 30°C. Live cells were mounted on glass slides and used for no more than 20 min for visualization. For labeling with the superoxide indicator, DHE (Invitrogen -Molecular Probes, Eugene, OR, USA), cells were incubated with 40 lM DHE (dissolved in DMSO) in fresh growth medium for 30 min at 30°C, then washed 1· with growth medium, and visualized without fixation. For determination of relative mitochondrial redox state, we transformed yeast with a plasmid containing the mitochondrial-targeting sequence of ATP9 fused to roGFP1 (mito-roGFP1). Cells were grown to mid-log phase in SC-Ura, concentrated, and visualized without fixation.
All imaging was performed as described previously (Garcia-Rodriguez et al., 2009) on one of the following microscope systems: an Axiovert 200M microscope with 100· ⁄ 1.4 Plan-Apochromat objective (Zeiss, Thornwood, NY, USA) and Orca ER cooled charge-coupled device (CCD) camera (Hamamatsu, Bridgewater, NJ, USA); an Axioskop 2 microscope with 100· ⁄ 1.4 Plan-Apochromat objective (Zeiss) and an Orca 1 cooled CCD camera (Hamamatsu) or an Axiocam CCD camera (Zeiss) with FITC and ⁄ or Rhodamine filter sets; and an inverted AxioObserver.Z1 microscope with a 100· ⁄ 1.3 oil EC Plan-Neofluar objective (Zeiss) and Orca ER cooled CCD camera (Hamamatsu), along with an LED Colibri system (Zeiss) including LED wavelengths at 365 and 470 nm. Hardware was controlled by Openlab, VOLOCITY software (Perkin-Elmer, Waltham, MA, USA) and Axiovision software (Zeiss), respectively.
Fluorescence loss in photobleaching (FLIP)
Fluorescence loss in photobleaching experiments were performed on a Nikon A1R-MP laser scanning confocal microscope. Wild-type yeast expressing mitochondrial matrix-targeted GFP were mounted on agarose pads as described earlier. Bleaching was performed with the 488-nm laser line on a spot 0.5 lm in diameter. A cycle consisting of 125 ms photobleaching and 250 ms imaging was repeated for a total of 12 s.
Quantitation of the fluorescence of GFP-or DHE-labeled mitochondria
Cells were incubated with 40 lM DHE in growth medium for 30 min at 30°C, washed with growth medium, and visualized without fixation. To quantitate relative fluorescence of GFP and DHE in mitochondria, widefield z-series were collected through a beamsplitter (DualView; Photometrics, Inc., Tucson, AZ, USA) that simultaneously projects images of green and red fluorescence on a CCD camera. The filters showed negligible cross talk under the conditions used for staining and imaging. Transmitted-light images were collected to indicate the location and size of the bud and mother cell. Channel images were aligned in IMAGEJ (US National Institutes of Health, Bethesda, MD, USA) using transmitted light and cell background as guides and the Cairn Image Splitter plugin. The obtained images were digitally deconvolved by iterative restoration (100% confidence limit, 40 iteration limit). Relative mitochondrial volume was estimated by calculating integrated voxel intensity in thresholded, deconvolved wide-field z-series of mitochondria-targeted GFP. Images were deconvolved using a constrained iterative restoration algorithm (VOLOCITY; Perkin-Elmer). Voxels were identified and quantified using VOLOCITY Quantitation software. Bud size and zones of mother and bud were identified using corresponding transmitted-light images.
The distribution of mitochondrial superoxide relative to mitochondrial mass was determined by calculating integrated voxel intensity (F) of DHE in deconvolved z-series. The distribution of DHE or GFP in specific regions within the mother or bud was normalized as F region of interest ⁄ F total . The F values for DHE were compared to the corresponding F values for GFP in the same region by calculating the DHE ⁄ GFP ratio. DHE ⁄ GFP ratio was calculated in cells in which the bud length was over 0.50 times the mother cell length.
To test the dynamic range of DHE, we exposed yeast expressing Cit1p-GFP from its chromosomal locus to 10 mM H 2 O 2 (Fisher Scientific, Pittsburgh, PA, USA) or 50 lM Tempol (Sigma-Aldrich, St. Louis, MO, USA) for 30 min in SC-Ura. Cultures were washed twice with 1 mL of fresh media and visualized along with a control sample.
Quantitation of the fluorescence of reduced-to-oxidized mito-roGFP1
Yeast cells were transformed with plasmid pmito-roGFP1 to measure mitochondrial redox state. The relative redox state of mito-roGFP1 was determined by calculating the ratio of the integrated voxel intensity in background-subtracted, thresholded, deconvolved wide-field z-series of mito-roGFP1 at excitation 470 and 365 nm, reduced to oxidized, respectively. Images were deconvolved using a constrained iterative restoration algorithm (VOLOCITY; Perkin-Elmer). Voxels were identified and quantified using VOLOCITY Quantitation software. Bud size and zones of mother and bud were identified using corresponding transmitted-light images.
To determine the ratio of reduced-to-oxidized mito-roGFP1, z-series were collected, deconvolved, background-subtracted, and thresholded using VOLOCITY software (Perkin-Elmer). To calculate the reduced-to-oxidized ratio of mito-roGFP1, we divided the reduced channel (k ex = 470 nm, k em = 525 nm) by the intensity of the oxidized channel (k ex = 365 nm, k em = 525 nm). To test the dynamic range of mito-roG-FP1, we incubated yeast expressing mito-roGFP1 in 10 mM H 2 O 2 (Fisher Scientific) or 10 mM DTT (Fisher Scientific) for 30 min in SC-Ura. Cultures were washed twice with 1 mL of fresh media and visualized along with a control sample using an inverted epifluorescence microscope equipped with a Colibri LED system (Zeiss) and Orca ER CCD camera (Hamamatsu).
Replicative lifespan determination
RLS measurements were taken as described previously (Erjavec et al., 2008) , with or without alpha-factor synchronization. Briefly, frozen yeast strain stocks (stored at )80°C) were grown in rich, glucose-based solid medium (YPD) at 30°C. Single colonies of each yeast strain were suspended in liquid YPD and grown to mid-log phase at 30°C with shaking and aeration. If synchronized, cultures were treated with alpha-factor (100 lg mL )1 , Genemed Synthesis Inc.) for 3 h, washed three times with water, and resuspended in water. For unsynchronized and synchronized cultures, an aliquot of the cell suspension was applied to YPD plates, and small budded cells or shmoos, respectively, were isolated and arranged in a matrix using a micromanipulator mounted on a dissecting microscope (Zeiss). These small budded cells or shmoos were henceforth referred to as the mother cell. After their first round of replication, mother cells were removed and discarded and their daughter cells renamed virgin mother cells. After each replication, the time and number of daughter cells produced by each virgin daughter cell were recorded until all replication ceased.
ConA-594 labeling for determination of old cells in culture
Yeast cultures were grown to mid-log phase and incubated with 100 lM concanavalin A, Alexa Fluor-594 conjugate (Sigma-Aldrich) for 30 min at 30°C, washed with growth medium, and propagated in fresh medium. ConA fluorescence was used to identify old cells. Cell age was determined by calcofluor staining of bud scars. Because calcofluor staining interferes with mito-roGFP1 imaging, redox potential was measured in separate aliquots of cells that were not stained with calcofluor. 
Statistical methods
All P-values were determined using a two-tailed Student's t-test assuming unequal variance. Probability plots for distribution fitting, with associated Anderson-Darling goodness-of-fit statistics and P-values, were carried out using MINITAB 14 statistical analysis software (Minitab Inc. State College, PA, USA).
Other methods
Yeast cells were transformed using the lithium acetate method (Garcia-Rodriguez et al., 2009) . Budding index was calculated by dividing the number of budding cells by the total number of cells in a mid-log phase culture grown in YPD.
Viability was determined using the FUN 1 cell stain from the LIVE ⁄ DEAD Yeast Viability kit (Invitrogen -Molecular Probes) according to the manufacturer's instructions. Briefly, mid-log phase cells grown on YPD were diluted to a concentration of approximately 1 · 10 7 cells mL )1 , FUN 1 was added to a final concentration of 10 lM, and samples were incubated at 30°C for 40 min with shaking. The conversion of FUN 1 by viable cells was quantified by fluorescence microscopy. Cells with prominent fluorescent intravacuolar structures were scored as viable. Cells that lacked these structures and had diffuse green or yellow cytosolic fluorescence were scored as nonviable.
To determine the percent of cells that undergo cytokinesis in under 120 min, cells from wild-type and mmr1D mid-log phase cultures were isolated and arranged in a matrix using a micromanipulator mounted on a dissecting microscope (Zeiss). Cytokinesis was determined by assessing separation of daughter and mother cell with the micromanipulator at 120 min. Table S1 Budding index and viability of mmr1D and WT cells.
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